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Depletion interaction potentials between micron-sized colloidal particles are induced by nanometer-scale
surfactant micelles composed of hexaethylene glycol monododecyl ether (C12E6), and they are measured by
video microscopy. The strength and range of the depletion interaction is revealed to arise from variations in shape
anisotropy of the surfactant micelles. This shape anisotropy increases with increasing sample temperature. By
fitting the colloidal interaction potentials to theoretical models, we extract micelle length and shape anisotropy
as a function of temperature. This work introduces shape anisotropy tuning as a means to control interparticle
interactions in colloidal suspensions, and it shows how the interparticle depletion potentials of micron-scale
objects can be employed to probe the shape and size of surrounding macromolecules at the nanoscale.
DOI: 10.1103/PhysRevE.93.050601
A well-known attraction arises between large colloidal
particles when many small nonadsorbing particles, called
depletants, are added to the suspension. This attractive force
is entropic in origin and is often called the depletion force
[1,2]. Over the years, depletion forces have proved valuable
as a means to control and study phase behavior [3–18], to
direct self-assembly [19–32], and to control the stability of
colloidal suspensions [33–44]. Depletion forces are also used
in applications such as the formulation and processing of food
[45–48] and paint [49], and related entropic effects called
macromolecular crowding play a role in cell biology [50,51].
Thus it remains important to fully understand depletion
phenomena and to continue to explore new means to induce
and manipulate depletion forces.
Most depletants are spherical, but sometimes depletants
with other geometric shapes are utilized, e.g., rods or disks
[33,34,52–65]. Depletant geometry is important. The func-
tional form and strength of the entropic potential depends on
depletant shape. At the same volume fraction, for example,
small rods of length L will induce a stronger attraction than
small spheres with diameter L [52–54], and the spatial form
of the potential induced by rods has more curvature than that
of spheres. In practice, it is often desirable to vary interaction
strength, and this task is usually accomplished by varying the
depletant volume fraction, e.g., by adding or subtracting small
particles [3,7–14,19,29,30,33,35] or by changing the sphere
radius [15–17,22–24,32]. Temperature changes in suspensions
of micelles of some nonionic surfactants can also alter the
depletion interaction between colloidal particles [66,67].
In this work, we introduce shape anisotropy tuning as
a means to control depletion interactions in suspension.
Specifically, we employ temperature variation to change the
shape of nanometer-sized surfactant micelles from spherelike
to cylinderlike. As a result, the corresponding depletion
potential depth and range are modulated. The potentials are
derived from video microscopy measurements of the pair
correlation function of micron-sized silica spheres suspended
in a solution of hexaethylene glycol monododecyl ether
(C12E6) surfactant micelles. The depletion potentials are
revealed to vary substantially in magnitude and range with
temperature. We demonstrate that these effects arise from
shape anisotropy variation, wherein nearly spherical C12E6
micelles at low temperatures evolve into cylindrical micelles of
varying length at higher temperatures. By fitting the measured
interaction potentials to theoretical models for depletion forces
of rodlike and ellipsoidal depletants [57], we extract the
length and shape anisotropy of the micelle as a function of
temperature. The resultant derived dimensions of suspended
micelles are found to be roughly consistent with neutron-
scattering data for C12E6 [68].
This contribution demonstrates temperature tuning of shape
anisotropy as a means to modulate depletion interactions.
Savage and Dinsmore previously employed C12E6 micelles to
control colloid attraction as a function of temperature [4,5].
However, since the origin of attraction was not important
for their sublimation and crystallization experiments, they
used the attraction effect empirically [4,5]. Here we show
explicitly that temperature-dependent variation of the attrac-
tive interaction is due to a change in shape anisotropy of
surfactant micelles. Significantly, we also introduce depletion
interaction measurements of micron-scale objects as a way to
extract information about the size and shape of surrounding
macromolecules at the nanoscale.
To understand these phenomena, we briefly recall the
theoretical forms of the entropic potential due to spher-
ical, thin-rod, and ellipsoidal depletants. The well-known
entropic interaction potential, U (r), for spherical depletants
is U (r)/kBT = −3φ(R/L)[1 − (r − 2R)/L]2 [1,2]. Here, L
denotes the depletant sphere diameter, kB is the Boltzmann
constant, T is temperature, φ is the depletant volume fraction,
r is the center-to-center distance between colloidal particles, R
is the large particle radius, and r − 2R is the surface-to-surface
distance between colloidal particles, sometimes denoted as h
in other studies [52–54,57]. Notice that the potential minimum
(attraction strength) between particles at contact (r = 2R)
depends on the depletant volume fraction and the ratio of large-
to small-sphere diameter, i.e., U (2R)/kBT = −3φ(R/L).
For thin-rod depletants, the entropic interaction is
U (r)/kBT = −(2/3)φ(RL/D2)[1 − (r − 2R)/L]3 [52–54].
Here L is the depletant rod length, and D is the depletant
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FIG. 1. Depletion between colloidal particles of radius, R, in
suspension of rods with length, L, and cross-sectional diameter, D.
The rod centers cannot fit within regions of excluded volume (gray
shaded region). (a) When excluded volumes of two spheres overlap,
the rod entropy increases in proportion to the excluded volume overlap
(black region), and an attractive force thus arises between colloidal
particles. (b) When the rod length, L, is increased, while keeping the
rod volume fraction φ and the cross-sectional diameter D constant,
then the excluded volume overlap increases, and the strength and
range of the attraction between colloidal particles increases. Rods
and colloidal particles are not drawn to scale. (c) Measured radial
distribution function, g(r), for temperatures 22, 24, 26, and 28 ◦C.
(d) Measured interaction potential, U (r), for temperatures 22, 24, 26,
and 28 ◦C.
rod cross-sectional width with D/L << 1. In this case, the
potential minimum at contact remains directly proportional to
the depletant volume fraction, but it also depends on rod length,
i.e., U (2R)/kBT = −(2/3)φ(RL/D2). Notice that increasing
the rod length while holding the rod volume fraction and the
cross-sectional width fixed increases the attraction strength
and decreases the number of rods. This increase in attraction
strength with increasing rod length arises from a comparative
increase in the free volume accessible to the longer rods; see
Figs. 1(a) and 1(b).
When the rod cross-sectional width is no longer negligible
compared to the rod length, the situation becomes more
complex. In this case, the depletants are better modeled as
ellipsoids or cylinders. For ellipsoidal depletants, the potential
minimum is proportional to the depletant volume fraction and
the long (major) ellipsoid axis length (L). The aspect ratio of
the ellipsoidal depletants is significant because the attraction
strength grows with increasing aspect ratio, and because the
shape of the potential also depends on the aspect ratio. The
potential function for ellipsoidal depletants has been derived
[57] and is given below; it has different functional forms for
interparticle separations less than versus greater than the short
(minor) axis length (D). The entropic interaction is
U (r; L,D,R,φ)
kBT
= φRL
D2
Q(r; L,D) (1)
with
Q(r; L,D) =
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
x(r) − x(r)22 − 23 − 43A−2 + x(r)A√A2−1 ln(A +
√
A2 − 1), 2R  r < 2R + D,
x(r) − x(r)22 − 23 − 43A−2 +
[[Ax(r)]2+8]
√
[Ax(r)]2−4
12A2
√
A2−1
+ x(r)
A
√
A2−1 ln
(
2 A+
√
A2−1
Ax(r)+
√
[Ax(r)]2−4
)
, 2R + D  r < 2R + L,
(2)
where x(r) = (r − 2R)/(L/2) is the dimensionless interparti-
cle separation, and A = L/D is the ellipsoid aspect ratio. We
employ this functional form of the interparticle potential for
fitting to data.
To experimentally measure the shape-dependent depletion
interaction induced by C12E6 micelles, we suspend 1625-nm-
diam silica microspheres (Duke Scientific) with 30 nm size
standard deviation in a solution of 44 mM C12E6 and 17 mM
NaCl. The critical micelle concentration (CMC) of C12E6 is
7.2 × 10−2 mM at 25 ◦C [69]. Thus, the concentration of sur-
factant is more than 600 times that of the CMC; therefore, small
changes in CMC with temperature should not significantly
affect the suspended micelles. Specifically, as the sample
temperature changes, we expect the micelle volume fraction
to remain constant. As a result, the depletant volume fraction
was held constant in fits at all temperatures and was set equal
to the volume fraction of surfactant in water, i.e., φ = 0.02.
The Debye screening length κ−1 in water is calculated using
κ−1 = 0.304/√I (M), where I (M) is ionic strength expressed
in molar concentration (mol/L) [70]. The salt concentration,
I (M) = 0.017 mol/L, yields a screening length κ−1 = 2.3 nm.
Although this screening length is negligible compared to the
colloidal particle diameter, it is significant when compared
to the micelle length and width [68]. At first glance, it
might be expected that the micelle of the nonionic surfactant,
C12E6, should be assigned a net charge of zero. In this case,
the screening length should be ignored, and the “bare” rod
length, L, and rod width, D, should be used in the depletion
potential analysis. However, considerable evidence exists to
support the notion that ethylene oxide groups of the C12E6
surfactant micelles can acquire charge in the presence of salt
[71–73]. In this case, dressed dimensions that incorporate the
screening length should be used in the analysis. Because of
this debate, we carry out two sets of calculations: using the
“bare” dimensions, L and D, and using dressed dimensions.
For the calculations performed with the “dressed” dimensions,
we introduce an effective rod length, L′ = L + 2κ−1, and an
effective rod width, D′ = D + 2κ−1, in place of L and D in
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Eq. (1); with this notation, L and D are the “true,” or “bare,”
length and width of the rod, respectively.
Samples were prepared by loading particle-surfactant solu-
tion between two glass coverslips. The concentration of silica
spheres was selected such that the areal packing density, ρ,
was approximately 0.08 in the two-dimensional (2D) regions
we studied. The temperature of the sample was controlled
via an objective heater (Bioptechs), and measurements were
made for temperatures ranging from 22 to 28 ◦C in 1 ◦C steps.
Bright-field microscopy video was recorded at 30 frames
per second for 65 000 frames. Subpixel particle tracking
algorithms were employed to find particle positions in each
frame of the video [74].
Previous small-angle neutron scattering (SANS) exper-
iments provide independent estimates about the shape of
C12E6 micelles. In this work, the micelles were modeled as a
monodisperse distribution of rodlike cylinders with spherical
caps. With increasing temperature, the length of the rods
was measured to increase, while the cross-sectional diameter
remained constant. Specifically, the length increases from
approximately 19 to 31 nm over the temperature range studied
in our work, and the cross-sectional diameter remains constant
at approximately 4.3 nm [68]. Since, the aspect ratio ranges
between 4.4 and 7.2, and since the cross-sectional diameter of
the micelles is not negligible, it is critical to employ the more
complex functional form [Eq. (1)] as a theoretical model for
the interaction potential [57].
In our experiments, the sample radial distribution function,
g(r), was calculated using the measured particle positions.
Corrections to g(r) were carried out following procedures
described in Refs. [75,76]. These corrections enable us to
account for incorrect identification of particle centroids caused
by overlapping of neighboring particle Airy disks. Exemplary
g(r) curves, after the Airy disk correction, are given in
Fig. 1(c).
The pair interaction potential U (r) is derived from the
radial distribution function g(r). Briefly, in the limit where
particle areal packing density ρ approaches zero, g(r) =
exp[−U (r)/kbT ]. When the particle areal packing density
is finite, however, as is the case in our experiment, then
g(r) is related to the potential of mean force, w(r), via the
Boltzmann relation, g(r) = exp[−w(r)/kBT ] [77]. Therefore,
to extract the true pair interaction potential, U (r), we must
employ closure relations to solve the Ornstein-Zernike integral
equation [77]. We utilize the hypernetted chain (HNC) approx-
imation for this task. The true pair interaction potential U (r)
is calculated numerically from the experimentally measured
g(r) using the relations below:
U (r)
kBT
= w(r)
kBT
+ ρ
πR2
I (r), (3)
where I (r) is the convolution integral,
I (r) =
∫ [
g(r ′) − 1 − ρ
πR2
I (r)
]
[g(|r − r ′|) − 1]d2r ′. (4)
These equations are readily solved numerically [78]. Note,
we found the HNC results to be in excellent agreement with
results obtained using the Percus-Yevick approximation.
Finally, to account for effects of all other interactions,
i.e., especially imaging artifacts not caused by depletants,
the pair interaction potential between silica spheres was also
measured in the absence of depletants. The zero-depletant
interaction potential was then subtracted from the measured
pair interaction potentials with depletants. In this way, it
was possible to derive pure depletion interaction potentials
more accurately. At the lowest temperatures (22–24 ◦C), the
potential well depth was small, i.e., on the order of the
measurement error, and full subtraction was critical. However,
at higher temperatures (25–28 ◦C), the well depths were large
and subtraction was only necessary for interparticle distances,
r , larger than the range of the potential well.
To extract interaction potentials and related sample proper-
ties, we implemented a straightforward but multistep approach.
The experimental data were fit assuming a theoretical potential
function, U (r), based on the ellipsoid model [57] [Eq. (1)].
We first describe the procedure assuming the micelles are
screened. The first step of the fitting procedure computes a
theoretical potential Ut,i(r; L′i ,D′,R,φ) with an initial guess
for the effective rod length L′. The other parameters, i.e., the
effective cross-section diameter D′ = D + 2κ−1, the colloid
radius R, and the depletant volume fraction (φ), were tightly
constrained by experiment and treated as constants; D′ was
set to 8.9 nm, R was set to 1625 nm, and φ was set to
0.02. The resulting initial estimate for the theoretical potential
Ut,i(r; L′i ,D′,R,φ) was then converted into a model pair
correlation function, gt,i(r), via the Boltzmann distribution,
gt,i(r) = exp[−Ut,i(r; L′i ,D′,R,φ)/kBT ].
Next, to account for the effects of colloidal particle
polydispersity in the experiment, gt,i(r) was broadened using
a Gaussian kernel for the particle size with standard deviation
σ,ker(r,σ ) = exp(−r2/2σ 2). The standard deviation σ was
set to 30 nm and kept fixed throughout the fitting process.
Convolving the theoretical pair correlation function gt,i(r)
with the Gaussian kernel yields a broadened pair correlation
function, gBt,i(r) = (gt,i ∗ ker)(r), which incorporates particle
polydispersity. The broadened pair correlation function was
then converted back to a broadened interaction potential
UBt,i(r; L′i ,D′,R,φ,σ ) by taking the natural logarithm, i.e.,
UBt,i(r; L′i ,D′,R,φ,σ )/kBT = − ln[gBt,i(r)].
The effective depletant length L′ was extracted by least-
squares fitting of the experimentally determined U (r) to
the polydispersity broadened theoretical interaction potential
UBt,i(r; L′i ,D′,R,φ,σ ). Finally, the “true” depletant length, L,
was derived by subtracting the Debye screening length factor
from the best-fit effective length, i.e., L = L′ − 2κ−1. The
exact same fitting procedure was also performed assuming
that the micelles were not screened in suspension; in this case,
we used the “bare” rod length, L, and the “bare” rod width,
D, in place of the effective length, L, and effective width, D,
respectively. The “bare” length, L, is extracted directly from
the fits.
Exemplary potentials with fits are shown in Fig. 2 for the
micelles with screening. It is apparent that the depth of the
potential well increases monotonically with temperature. The
absolute value of the minimum of the measured potential,
|Umin/kBT |, is plotted as a function of temperature in Fig. 3.
Note that |Umin/kBT | is the potential well depth, defined
here as the minimum value of the potential curve U (r). The
potential well depth increases from ≈ 0.2kBT to ≈ 2kBT
over the range of temperatures studied. Thus, the interparticle
050601-3
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FIG. 2. Experimentally measured interparticle depletion poten-
tials U (r)/kBT (black squares) and fits from the theoretical function
for ellipsoidal depletants (red lines) at temperatures (a) 22 ◦C,
(b) 24 ◦C, (c) 26 ◦C, and (d) 28 ◦C.
interaction can be tuned from nearly hard-sphere to modestly
attractive by increasing the sample temperature. Further, the
range of the interaction grows with increasing temperature;
this effect is apparent from the widths of the g(r) peaks in
Fig. 1(c) and the widths of U (r)/kBT in Figs. 1(d) and 2.
In addition to the monodisperse rod distributions, we also
considered the case wherein the distribution of lengths of
the rodlike C12E6 surfactant micelles is polydisperse. The
polydispersity model we employ is derived from the “Ladder
Model” described by Missel et al. [79]. Here, the model and
fitting procedure are briefly outlined.
It is straightforward to show that the total micelle length,
L, is directly proportional to the number of surfactant
FIG. 3. Absolute value of potential minima |Umin/kBT | of
interaction potentials vs temperature T . Inset: sample measured
interparticle potential U (r) showing Umin represents the potential-
well depth.
molecules that compose the micelle, N , i.e., L(N ) = D +
4(N − N0)D/πN0. Here D is the diameter of the cylindrical
rods, and the number of surfactant molecules in a spherical
micelle with diameter D is the minimum aggregation number,
N0. This result is derived using simple geometric arguments
based on micelle shape, the shape of the individual surfactant
molecule (e.g., the size of the surfactants hydrophilic head
group), and the packing of surfactant molecules into the
micelles.1 We next assume that the number concentration of
micelles of length L(N ) in solution, XL(N), has the exponential
form [79] XL(N) = Ce−N/M . Here C is a normalization
constant in units of number concentration, and M is a constant
that defines the distribution. C is derived when normalizing
the distribution for the total volume fraction of micelles in
solution, and M is extracted by fitting to our experimentally
measured U (r).
The volume fraction of micelles length L(N ) in solution,
φL(N), is
φL(N) = XL(N)D3
(
π
6
+ N − N0
N0
)
. (5)
To derive the interaction potential induced by a polydisperse
suspension of rodlike micelles, we simply substitute φL(N) and
L(N ) for φ and L, respectively, into Eq. (1), and we perform
the summation over N . This procedure gives
U (r; M,N0)
kBT
(6)
= R
D2
∞∑
N=N0
φL(N)L(N )Q(r; L(N ),D). (7)
The average length of the micelles, 〈L〉, is derived from an
average over the concentration distribution.
Since Eq. (6) is a function of M , the first step of this fitting
procedure for the polydisperse rod distribution computes a
theoretical potential Ut,i(r; Mi,N0,D′,R,φ) with an initial
guess for M . D′,R, and φ are set to the same values as before
and are again treated as constant. The minimum aggregation
number N0 is set to 135 [80]. From this step forward, the same
procedure described earlier is followed, and M is extracted by
least-squares fitting of the experimentally determined U (r).
With the value of M , the distribution of micelle sizes and
the average micelle length, 〈L〉, can be calculated for all
temperatures. This procedure was carried out for bare and
dressed micelles.
The observed increase in range and strength of the depletion
attraction between colloidal particles is consistent with an
increasing length of the rodlike micelle depletants. This effect
is exhibited by the rod lengths L extracted from the fits. In
Fig. 4(a), the lengths extracted from the interaction potential
fits using the monodisperse model (“bare” and “dressed”) are
plotted as a function of temperature. In Fig. 4(b), the average
1The resultant estimate first assumed a size (diameter) for the
surfactant head group, and then we computed the maximum number
of surfactant molecules that can be packed into a spherical micelle
of diameter D and into a one-surfactant-thick micelle disk of
diameter D.
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FIG. 4. (a) Bare rod length L of the surfactant micelles measured
by depletion interaction using the monodisperse model with “dressed”
dimensions (black squares) and “bare” dimensions (red circles),
and by SANS (blue triangles) in Ref. [68] vs temperature T .
(b) Average bare rod length 〈L〉 of the surfactant micelles measured
by depletion interaction using the polydisperse model with “dressed”
dimensions (black squares) and “bare” dimensions (red circles), and
by SANS (blue triangles) in Ref. [68] vs temperature T . (c) Illustrated
representations of the change in dimensions, L and D, as obtained
by the “dressed” monodisperse model, of the surfactant micelles as a
function of temperature T . Note, D remains constant.
lengths extracted from the interaction potential fits using the
polydisperse model (“bare” and “dressed”) are plotted as a
function of temperature. Also shown in Figs. 4(a) and 4(b)
are the lengths measured by SANS [68]. We observe that
with the monodisperse model, the lengths obtained using
the “bare” dimensions in the fitting procedure are in fairly
good agreement with the lengths obtained using the “dressed”
dimensions and with the SANS data. Importantly, in both
cases we observe an increase in shape anisotropy of the
rod-micelles with increasing temperature, which in turn leads
to the increase in the strength of the depletion interaction
between colloidal particles in suspension. For the polydisperse
model, the average lengths obtained using both the “dressed”
and “bare” dimensions in the fitting procedure are in fairly
good agreement with those obtained by SANS [68]. Again,
in both cases, we observe an increase in average shape
anisotropy of the rod-micelles with increasing temperature.
Thus, regardless of the microscopic model, the nanoscale
increase in shape anisotropy of C12E6 surfactant micelles with
increasing sample temperature is apparent from measurements
of the micelle-induced depletion interaction between colloidal
spheres. The assignment of an exact length to the micelles
(versus temperature) depends on whether the bare or dressed
dimensions are used in the fits and whether the rod distributions
are considered monodisperse or polydisperse. In practice, we
believe the polydisperse dressed rod-micelle model is the most
accurate microscopic description of this system, but here we
report all other fits for the benefit of readers who might have
a different opinion about micelle charge and micelle size
polydispersity.
Looking forward, in situ modulation of colloidal attraction
via shape anisotropy offers new routes for assembly of
colloidal glasses and colloidal bigels [81,82]. In contrast to
most previous studies of the state diagram of colloidal glasses
with attractive interparticle interactions [7–12], for example,
the present system permits easy phase-space exploration with
the same sample simply by changing temperature. In a different
vein, the experimental method, along with a theoretical model
for the interaction, offers an alternative and effective means
to extract information about the size and shape of depletant
molecules at the nanoscale. Ultimately, the experimenter will
generate strong evidence “for” or “against” each microscopic
model from which a microscopic understanding of the local
micro- and nanoenvironment around the particles can be
deduced. One interesting opportunity is to study depletion
due to lyotropic chromonic liquid crystals [83–86] wherein the
underlying planklike macromolecules stack to produce rodlike
mesogens, which in turn assemble into liquid crystalline
phases; the present method offers a way to measure the average
length and length distribution of the stacks. In principle, the
measurement also offers a tool to probe the size, shape, and
folding of proteins.
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